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A TECHNIQUE OF CROSS-CIRCULATION IN THE RAT WHICH PERMITS
ACCURATE CONTROL OF BLOOD VOLUME TRANSFERSt§
While the technique of cross-circulation has been used extensively in
physiology, it has usually been employed with large animals. The present
paper describes a method of cross-circulation that has been successfully
adapted to the rat.
The use of this species offers certain advantages: (a) animals are uniform
in structure as a result of continued inbreeding, (b) blood types are similar
and consequently difficulties due to incompatibility are not a problem,
(c) marked resistance to infection is present, (d) certain organs can be
removed comparatively easily, and (e) since the laboratory rat has been
used extensively in biological investigations, a great deal of standardized
information is readily available for use as control data.
PREPARATION OF ANIMALS
Rats weighing approximately 200 grams have been used. They are
anesthetized with Nembutal (5 mg. per 100 gm. body weight given intra-
peritoneally) and are prepared as follows:
A transverse skin incision is made just below the inguinal ligament; the
skin is dissected free of fascia and retracted, so that an adequate exposure
of the femoral artery, vein, and nerve is made. The blood vessels and nerve
are dissected free of adhering connective tissue and the femoral nerve is cut
in order to diminish the number of impulses relayed during the cannulation
and cross-circulation procedures. A 2 per cent solution of Papaverine8 is
then applied locally to the blood vessels to relieve the vasospasm that occurs
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644FIG. 1. Photograph of the cross-circulation apparatus.
A. Air from main line bubbling through water.
B. Fine adjustment screw for delivery of desired air pressure.
C. Lucite chambers graduated at 1 ml. mark.
D. Hypodermic needles, passing through rubber stoppers, to deliver air into reservoir.
E. Mercury manometer to measure applied air pressure.
F. Counter used to record volume transferred.
G. Telegraph key to regulate cross-circulation of each animal independently.
H. Polyethylene cannula (PE 50 - o.d. = .038") joined to polyethylene tubing
(PE 90 - o.d. = .050') for arterial outflow.
I. Compressible tygon tubing (o.d. = .065") passing through key joining arterial
outflow tubing with arterial inflow into reservoir.
J. Rubber tubing joined (by means of hypodermic needle) to compressible tygon
tubing (o.d. = .065") for air release cutoff.
K. Polyethylene tubing (PE 90 - o.d. = .050").
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as a result of manipulation of the femoral vessels. Thread ligatures are
placed under the vessels to be cannulated, and the entire operative area is
kept moist with warm saline. Polyethylene tubing (size P.E. 50), filled with
a solution of heparin (10 mg./ml.) and occluded at one end, is used to
cannulate both the femoral artery and the vein. While the central and
peripheral ends of the blood vessels are occluded by means of the ligatures,
a transverse incision is made in the blood vessel wall and, with the aid of a
fine dental pick used as a guide, the cannula is inserted into the blood vessel
and tied securely in place. The peripheral ends of the blood vessels are then
tied off and the ligatures removed from the central ends. After cannulation
of the Donor and Recipient animals has been completed, both receive intra-
venous injections of 1 mg. of heparin in a volume of 0.1 ml. and are
connected to the cross-circulation apparatus.
CROSS-CIRCULATION APPARATUS
An apparatus was designed (Figs. 1 and 2) constructed of plastic
nonwettable surfaces, which could accurately measure and transfuse specific,
relatively small, volumes of blood, of the order of 5-100 ml., from one
animal to the other. For this purpose, two lucite cylindrical chambers of
approximately 2 ml. capacity, and graduated at the 1 ml. mark, are used as
blood reservoirs for each animal. The animal's vascular system is connected
to the reservoir by means of polyethylene tubing (size P.E. 90) which could
be joined to the cannulae without danger of leakage. The blood is always in
contact with plastic surfaces and flows freely without clotting. The cannulae
from the femoral arteries enter the head of the cylinders while the venous
return to the femoral veins is attached at the base, and of course crossed
over, so that the arterial blood of one animal is discharged into the femoral
vein of the other. Since the chief difficulty in cross-circulation experiments
in small animals is an inadequate rate of venous return through the fine
polyethylene tubing employed, provision is made to apply air pressure to
each cylinder. This not only rapidly empties the contents of the cylinders
into the veins, but at the same time is so arranged that the arterial cannulae
are occluded throughout this period. A simple telegraph key in conjunction
with a mercury manometer is used to control both the magnitude and dura-
tion of the applied air pressure, so that the operator can adequately control
the volume cross-transfused from one animal to the other. Thus, when the
reservoir is filled to the 1 ml. mark, the operator presses the telegraph key
which simultaneously occludes the arterial inflow, occludes the air pressure
outflow from the reservoir, and opens the air pressure inlet into the reser-
voir, thereby building up a pre-determined magnitude of air pressure
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FIG. 2. Diagram of the cross-circulation apparatus.
(approximately 100-150 mm. Hg). The blood is forced out of the reservoir
and into the vein at a rate dependent upon the air pressure applied. Upon
release of the telegraph key, the pressure in the reservoir is diminished
almost instantaneously and the outflow of blood from the reservoir ceases.
In this way, 1 ml. of arterial blood can be collected from the Donor rat A
in one cylinder and discharged into Recipient rat B. Each emptying of each
reservoir is recorded. Since the filling and emptying of the cylinders are
independent of each other there is no possibility of bleeding one rat into
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another and the rate of exchange of blood can be kept equal. Blood volumes
up to 100 ml. have been cross-circulated; the average rate of transfer is
approximately 1 ml. per minute. At the end of the cross-circulation of a
specific volume of blood, the blood vessels are tied off and the cannulae
removed. The animals readily recover from this procedure.
DONOR AND RECIPIENT BLOOD MIXING DURING CROSS-CIRCULATION
Calculated equilibrium curve
When using a cross-circulation technique in biological research, it is often
necessary to know the number of transfers required for the circulations of
the cross-circulated partners to attain equilibrium. An equation may be
derived to calculate the degree of blood mixing at any time during cross-
transfusion.
CBii=K3 (K
n -
) + K4nCBo
where:
CB = conc. in partner B at any time.
CA = conc. in partner A at any time.
y = ml. transferred at each interchange.
n = number of transfers.
VA = volume of blood in partner A.
Va = VAo + y.
VB = volume of blood in partner B.
Vb VBO+ Y.
K CBOVBO.
K,-K
K2 -VBo
VAO
K3- K1y VB + K2Y
Vb
4 VB +K2Y
Calculation of the degree of mixing by means of this equation requires
specific information such as the initial blood volumes of the two animals,
the volume transferred during each interchange, and the initial concentra-
tion of the substance to be assayed in both A and B. Furthermore, it must
be assumed that the material being assayed is not added to or lost from the
circulations at an appreciable rate.
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Using this equation, the per cent mixing was calculated for animals of
different initial blood volumes, i.e., 10 ml., 15 ml., and 20 ml., using transfer
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FIG. 3. Equilibrium curves obtained by
means of calculation from equation (see
text).
volumes of 1 ml. per exchange.
The results of these calculations
are shown in Figure 3. It can be
seen that animals with smaller
blood volumes reach equilibrium
with one another sooner than do
animals with larger blood volumes.
Equilibrium curve experimentally
determined by means of Fe59
Experimental verification of the
calculated equilibrium curve was
made by the use of radioactive iso-
topes. Fe59 was administered to
Donor rats two weeks prior to
cross-circulation with normal Re-
cipient animals whose red cells
were not labelled. During this two-week interval, the radioactive isotope
was incorporated into the Donor's red blood cells, which now served as the
indicator for the degree of
blood mixing, since the red 100
blood corpuscle is not appre-
so
\ *~~~~ DONOR ANIMAL
ciably lost from the circula- 0 RECIPIENT ANIMAL
tion during a short-term 8 70\
experiment. Sprague-Dawley z 60
rats of 200-300-gram body ,
weight were used in this 4
study. The radioactivity of f 30
0.2 ml. blood samples, which 20
were withdrawn at specific °0
intervals during the cross- ° i's 2s 30
circulation, was measured ML. ELOOD
CROSS-CIRCULATED
by means of a scintillation FIG. 4. Blood mixing curves between Donor and
counter. The averages of the
Recipient using radioactive Fe'.
results of four such experiments are presented in Figure 4. The results in-
dicate that equilibrium (at least 95%o mixing) between the two circulations
is attained after twenty 1 ml. transfers.
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COMMENT
The method described in this paper has been successfully employed in the
study of certain problems in endocrinology' and hematology.! It is antici-
pated that this technique of cross-circulation in the rat, which permits
accurate control of blood volume transfers, will find numerous applications
in biological research.
SUMMARY
The technique of cross-circulation has been adapted for use on small
animals such as the laboratory rat. The technique and apparatus are
described in detail. The femoral artery and vein are cannulated and specific
volumes of blood are cross-transfused from one animal to another. The
apparatus is so designed that the blood volumes of the two animals are
kept in balance. The rate of transfer is approximately 1 ml. per minute, and
volumes as large as 100 ml. have been exchanged without detriment to the
partners. Using labelled red cells, it has been found that twenty 1 ml.
transfers result in equilibrium between the two circulations.
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